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ABSTRACT: Borates are well-known candidates for optical
materials, but their potentials in photocatalysis are rarely studied.
Ga**-containing oxides or sulfides are good candidates for
photocatalysis applications because the unoccupied 4s orbitals of
Ga usually contribute to the bottom of the conducting band. It is
therefore anticipated that Ga,B,0, might be a promising
photocatalyst because of its high Ga/B ratio and three-
dimensional network. Various synthetic methods, including
hydrothermal (HY), sol—gel (SG), and high-temperature solid-
state reaction (HTSSR), were employed to prepare crystalline
Ga,B,0y. The so-obtained HY-Ga,B,0y are micrometer single
crystals but do not show any UV-light activity unless modified by
Pt loading. The problem is the fast recombination of photoexcitons. Interestingly, the samples obtained by SG and HTSSR
methods both possess a fine micromorphology composed of well-crystalline nanometer strips. Therefore, the excited e~ and h*
can move to the surface easily. Both samples exhibit excellent intrinsic UV-light activities for pure water splitting without the
assistance of any cocatalyst (47 and 118 ymol/h/g for H, evolution and 22 and S8 pmol/h/g for O, evolution, respectively),
while there is no detectable activity for P25 (nanoparticles of TiO, with a specific surface area of 69 m?/g) under the same
conditions.
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Bl INTRODUCTION In Ga-PKU-1, the bottom of the conducting band (CB) is
mainly contributed by 4s orbitals of Ga.'* Ga,B,0,, another
gallium borate with a higher Ga/B ratio, attracted our attention.
It is natural to anticipate that the density of states (DOS) of the
CB would be higher in Ga,B,0, than in Ga-PKU-1. The
structure of Ga,B,0,, which is quite complex and shows the

investigations for efficient photocatalysts have been extended to coexistence of ordering and disordering of polyhedra

other semiconducting oxides. sulfides, oxvnitrides, and so connections (see Figure S1 in the Supporting Information,
on 26 & ’ » Oxym ’ SI), was first solved by a powder X-ray diffraction (XRD)

Metal borates are well-known for optical applications, like technique in 2009." A_S a mullite derlv%lte, GaOs oct?hedra
nonlinear optical crystals and luminescent materials.”® share e.dges to form chains along the b axis, and t}.1e chains are
Researchers have not paid enough attention to their photo- cross-linked by C.;aOS’.BON and BO.4.gr0ups. It is reasonable
catalytic performances. Only a few examples have been that the three—dlmensmn.al connectivity of +Ga—O p‘olyhedra
reported. For instance, InBO; can photocatalyze the degrada- offers pathways for Fhe migration of‘e anc.ll} .Accord1ngly, we
tion of 4-chlorophenol;'® CuB,0, and Cu,B,04 (by loading Pt expect an outstanding photocatalytic activity for this borate
as the cocatalyst) can catalyze water splitting under visible-light candidate Ga,B,0,. ) )
irradiation;'! Bi,B,0, and Bi,O,[BO,(OH)] show observable On .the other hand,‘r.esear'chers are seeking materials that can
visible-light activities for methylene blue degradation;'? the ext.en.swely. absorb \r.lsﬂ?le—hght Ph?étons' and .catalyze .water
nonlinear optical material K;B¢O,oBr shows good catalytic splitting without sacrificial reagents.. .It is particularly difficult
activity in UV-induced dechlorination of chlorophenols;'* very to catalyze _the varau water spl_lttmg because the photo-
recently, an open-framework gallium borate, GagB,50;3(OH) - generated e~ and h* easily recombine before they could react
H;B;04,H;BO; (Ga-PKU-1), has been reported as a UV-light

Hydrogen is an environmentally friendly and high-capacity
energy carrier. Photoinduced water splitting can convert solar
energy to the chemical form of H,, but it is not a spontaneous
process and catalysts are required. Since 1972, massive efforts
have been devoted to TiO,-based photocatalysts." In addition,

photocatalyst for water reduction, however, requiring the Received: January 2, 2015
assistance of sacrificial regents."* Published: February 25, 2015
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with substrates. As a result, catalysts on the nanoscale are
favorable, which can significantly reduce the length for
photogenerated excitons moving to the surface, and nanocryst-
als also provide a higher specific area and hence more active
sites than bulk materials.'” Here in our work, we proposed that
the wide-gap semiconductor Ga,B,0y is an intrinsic and
efficient photocatalyst for pure water splitting without any
cocatalyst; for instance, the Hj-evolution rate is 118 pmol/h/g
when Ga,B,0y was prepared in the form of straight nanostrips
with diameter of <20 nm.

B EXPERIMENTAL SECTION

Synthesis. Three synthetic methods, including hydrothermal
(HY), sol—gel (SG), and high-temperature solid-state reaction
(HTSSR), were employed to prepare Ga,B,0,.

HY method: f-Ga,0; is the gallium source. First, a prereaction was
performed to dissolve Ga,0; (2.5 mmol, 0.4686 g) using concentrated
HNO; in a closed system (180 °C, 10 h). The resultant solution
evaporated to near dryness by gentle heating of the container.
Thereafter, 0.3 mol of H;BO; was charged, and the system was sealed
again and maintained at 240 °C for another S days. Transparent
needlelike single crystals were obtained after washing unwanted
residuals.

SG method: 1 mmol of -Ga,0; (0.1874 g) was dissolved using the
above method. Then the solution, together with 2 mmol of H;BO;,
and an appropriate amount of citric acid were charged into 50 mL of
water. The mixture was heated gently with continuous stirring for 2 h
to remove the excess water. The resulting gel precursor was dried in an
oven at 180 °C and then preheated at S00 °C for 10 h with a
temperature ramp rate of 1 °C/min. After grinding in an agate mortar,
the prescursor was further calcined in air at 620 °C for 10 h. The
resultant powder was slightly gray and was washed with water to
remove the possible excessive boric acid. The gray powder was further
heated at 620 °C again for S h under dynamic O, flow to oxidize the
residual C. Finally, it became white and was ready for catalytic
evaluation.

HTSSR method: 1 mmol of $-Ga,0; (0.1874 g) was dissolved
using the above method. We allowed the solution to evaporate
naturally without heating. Then, the resultant white solid was mixed
with 2 mmol of H;BOj; in an agate mortar and calcined at 590 °C for
10 h. The final powder was also washed carefully.

The compounds prepared using the above-mentioned methods are
denoted as HY-, SG-, and HTSSR-Ga,B,0y, respectively.

Characterizations. Powder XRD was performed on a PANalytical
X’pert diffractometer with Cu Ka radiation at 40 kV and 40 mA. Le
Bail refinements were performed using the software package TOPAS.'®
Transmission electron microscopy (TEM; JEOL JEM-2100F) was
employed to observe the morphologies of as-prepared materials at an
accelerating voltage of 200 kV. The UV—vis light absorption spectra
were recorded at room temperature using a Shimadzu UV-3600
spectrometer equipped with an integrating sphere attachment. BaSO,
was used as a reflectance standard. The band gaps were estimated
according to the peak in the differential curve of the absorption
spectra. The specific surface area determination was performed by the
Brunauer—Emmett—Teller (BET) method with N, adsorption at 77 K
using a Quantachrome Quadrasorb SI analyzer. Prior to the
measurements, samples were degassed at 300 °C for 48 h.

Photocatalytic Reactions. We used a gas-closed circulation
system equipped with a vacuum line (CEL-SPH2N system; see Figure
S2 in the SI), a reaction vessel, and a gas sampling port that was
directly connected to a gas chromatograph. In a typical run, 0.050 g of
photocatalyst was used. A total of SO mL of an aqueous solution,
together with the catalyst, was added into a 150 mL reaction vessel
with a quartz cover. The solution was kept stirring, and a 10 °C
recycling water bath was applied to keep the reaction vessel at a
constant temperature. For the UV-light source, a 500 W Hg lamp was
used. All of the Ga,B,0, samples used in our work were stable after
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the photoirradiation experiments, showing no changes in their powder
XRD patterns (see the details in the SI).

Theoretical Calculations. Theoretical studies on Ga,B,0, were
operated by the Vienna Ab Initio Simulation Package.'® The projector
augmented-wave method,”® implemented in the VASP code, was
utilized to describe the interaction between the ionic cores and valence
electrons. The generalized gradient approximation parametrized by
Perdew, Burke, and Ernzerhof”' was employed to describe the
exchange-correlation potential in the standard density functional
theory calculations. For single-point energy and DOS, a cutoff energy
of 400 eV for the plane-wave basis and 4 X 11 X 6 Monkhorst—Pack
G-centered k-point meshes were employed. The band structures E(k)
were computed on a discrete k mesh along with high-symmetry
directions.

B RESULTS AND DISCUSSION

The phase purity of three as-made Ga,B,0, samples was
verified by powder XRD. As shown in Figure S3 in the SI, Le
Bail refinements were performed to estimate their cell
parameters, which are all consistent with each other. In
addition, the very sharp peak shape for the sample prepared by
the HY method indicates its good crystallinity. It can be seen
from the scanning electron microscopy (SEM) photograph (see
Figure S4 in the SI), where HY-Ga,B,0, is made up of
microcrystals. The other two samples show obviously diffused
peaks, which is a typical sign of poor crystallinity. This
difference in crystallinity was indeed confirmed through the
measurements of the specific surface areas, as shown in Figure
1. Both SG- and HTSSR-Ga,B,0, possess significantly higher
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Figure 1. N, adsorption—desorption curves at 77 K. The filled and
open symbols represent the adsorption and desorption branches,
respectively. The specific surface areas are estimated by the BET
method.

BET surface areas than HY-Ga,B,0y; especially, the HTSSR
sample has a substantial loop at the high relative pressure
region. In fact, the nanotype morphology for the SG and
HTSSR samples is the main interest point of this work and will
be discussed in a later section.

The UV-—vis absorption spectra for three as-prepared
Ga,B,0y are shown in Figure 2, where the band gaps are
estimated to be ~4.46 and 4.12 eV, respectively. The relatively
narrower band gap for HTSSR-Ga,B,0, endows it with better
absorption ability to photons, which may enhance its
photocatalytic performance among these three samples.

We first evaluated the photocatalytic property of HY-
Ga,B,0,. It is somehow disappointing that no detectable
photocatalytic activity to water reduction was observed for HY-
Ga,B,0,, even by using the sacrificial reagent CH;OH.

DOI: 10.1021/ic5031087
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Figure 2. UV—vis reflectance spectra for various Ga,B,0, samples.

Therefore, a simple post-treatment of 1 wt % Pt loading was
employed, and eventually an observable H,-production rate of
74 pmol/h/g was detected (see Figure 3); however, the
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Figure 3. Photocatalytic gas evolution rate for various Ga,B,0,
samples under different conditions. P25 was used as the reference
catalyst. Detailed gas evolution curves against irradiation time are
included in the SL

efficiency is only 9% P25 (TiO, nanoparticles) in a CH;OH—
H,O system. Nevertheless, this first attempt at least confirms
that Ga,B,0, is intrinsically photoresponsive. The problem
should be the very short lifetime of photogenerated e” and h'.

It is well-known that the micromorphology is very important
to the performance of a heterogeneous catalyst. Researchers
usually make great efforts to increase the specific surface area,
or the total amount of activity sites (by exposing appropriate
crystalline facets).”>”>° Therefore, two additional synthetic
methods were employed to prepare Ga,B,0, catalysts,
including the SG and HTSSR methods.

For SG-Ga,B,0, numerous nanorods with dimensions of
about tens of nanometers are severely agglomerated (see Figure
4a). More importantly, the nanorods are well crystallized, and
the majority of the crystals grow along a or ¢ axis (see Figure
4b). In other words, the exposed surface is mostly correlated
with the ac crystal planes, which are perpendicular to the
direction of GaOg-octahedral chains (Figure S1 in the SI). The
band gap is 4.46 eV, the same as that of its bulk form (HY-
Ga,B,0,). The specific surface area is as high as 33.9 m?/g,
which is about 9.4 times higher than that of micrometer single
crystals (3.6 m?/g). Therefore, the photocatalytic H,-
generation rate in an aqueous methanol solution is greatly
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Figure 4. (a) Low- and (b) high-magnification TEM images for SG-
Ga,B,0,. The high-resolution image shows the orientation of the
nanorods that grow along the a or ¢ axis.

enhanced to 110 ymol/h/g, without using Pt as the cocatalyst
(see Figure 3).

Such an increase of the catalytic activity from bulk to
nanocrystals is reasonable. First, the inner part of the bulk
particles usually cannot be irradiated by the incident beam,
while it should not a big problem for the nanocrystals. Second,
the photoexcited e™ can easily migrate to the surface in the SG
sample, and probably the highly uniform orientation of the
nanocrystals can reduce the chance of charge recombination.
Third, a high specific surface area provides more active sites to
capture water molecules for further reactions.

The HTSSR method used here is slightly different from the
traditional process for synthesizing oxides. We use Ga(NO;),
(by dissolving -Ga,O; in HNO,) as the raw material, which
reacts with excessive H;BO;. The so-obtained HTSSR-Ga,B,0,
has a beautiful morphology (see Figure S), which consist of
straight nanostrips of hundreds of nanometers in length and
<20 nm in diameter. These nanostrips are well crystallized and
possess very smooth surfaces. More importantly, the high-
resolution TEM image shows that these nanocrystals grow
along the b axis (the direction of GaOg-octahedral chains;
Figure S1b in the SI), and therefore the exposed facets are
perpendicular to those in SG-Ga,B,0,. The BET surface is 62
m?/g, and the band gap is decreased to 4.12 eV (see Figures 1
and 2). The H,-evolution rate reaches 274 ymol/h/g, much
higher than that of P25. There are several reasons for this
further increase of activity. First, the exposed facets are different
from those in SG-Ga,B,0, and are quite smooth, thus showing

DOI: 10.1021/ic5031087
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Figure S. (a) Low- and (b) high-magnification TEM images for
HTSSR-Ga,B,0,. The high-resolution image clearly shows that the b
axis is the easy growth axis for the nanostrips.

no steric hindrance effect for binding with substrate species.
Second, the narrowing of the band gap allows more photons to
be absorbed by HTSSR-Ga,B,0,. Third, the very small
diameters of these nanostrips can further reduce the average
migration len §th for photogenerated e” to react with water
molecules.!9%7%5 Additionally, the long nanostrips are not as
severely agglomerated in the HTSSR sample as in the SG
sample.

Using sacrificial agents is helpful to elongate the lifetime of
photogenerated e~ and h'; however, it is not economic and
therefore unwanted in practical applications. In our study, we
observed very high levels of photocatalytic efficiency for both
SG- and HTSSR-Ga,B,0g because of their high specific surface
areas and significantly short pathways for e”/h* to move to the
surface. Indeed, both SG- and HTSSR-Ga,B,0, can catalyze
pure water splitting without any cocatalyst and sacrificial agent,
for example, 47 and 118 ymol/h/g for H, evolution, 22 and 58
umol/h/g for O, evolution, respectively, under UV light (see
Figure 3), while under the same experimental conditions, H,
generation catalyzed by P25 (with a BET surface of 69 m*/g) is
below the detecting limit (<1 ymol/h/g) even after long-term
irradiation. As a new photocatalyst, its stability during the
catalyst process was also studied. HTSSR-Ga,B,0, kept its
activity after four photocatalytic cycles, and XRD shows no
obvious degradation (see Figure SS in the SI).

As mentioned in the Introduction, the very complex
structure of Ga,B,0,, showing the coexistence of ordering
and disordering arrangements of polyhedra (see Figure S1 in
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the SI), hampers an accurate calculation of its electronic
structure. Nevertheless, we constructed an ordered structure
model by doubling the periodic length along the ¢ axis (as

shown in Figure 6a), in order to better understanding the
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Figure 6. (a) Ordered structural model of Ga,B,0, constructed for
theoretical calculations by doubling the ¢ axis, (b) electronic band
structure, and (c) DOS of Ga,B,0, in such an ordered model.

photocatalytic behavior theoretically within a reasonable
approximation. As shown in Figure 6b, the calculated electronic
band structure of Ga,B,0, along the symmetry lines in the
Brillouin zones suggests a direct band gap of 2.16 eV. Usually a
calculated band gap is smaller than the experimental value
because of the discontinuity of the XC energy. Moreover, the
bottom of the CB at G point shows a deep dispersion, which
usually suggests a light effective mass of photoexcited e™. On
the contrary, the orbitals of the valence band (VB) are relatively
flat, suggesting a slow mobility of h*. In other words, such a
band structure would cause a large difference in the respective
mobility of photoexcited e™ and h* and eventually be beneficial
to an efficient charge separation.

As shown in Figure 6c, it is expected that the VB maxima
were mostly contributed by the 2p orbitals of O. The CB
minimum was determined by the 4s orbitals of Ga. The 2p
orbitals of B also partially contribute to both VB and CB.
Accordingly, we could reasonably anticipate that the photo-

DOI: 10.1021/ic5031087
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current was conducted along the three-dimensional network
composed of Ga**—O>" ionic bonds.

It is also interesting that micrometer single crystals of HY-
Ga,B,0y show no activity due to the dynamic problem.
Morphology control of this candidate by employing various
synthetic methods is critical. As a result, we observe significant
enhancement of the catalytic performances for the SG and
HTSSR samples, even in a pure water system and without any
noble-metal loading. The morphology engineering is vital to
shortening the e”/h* pathways to the surface and suppressing
their recombination. We propose to pay particular attention to
utilizing various synthetic methods for synthesizing metal
borates.

Bl CONCLUSION

In conclusion, we employed three synthetic methods to prepare
micrometer and nanometer crystalline Ga,B,0, samples. The
noble-metal-free nanostrips for SG- and HTSSR-Ga,B,04 show
excellent UV-light activities for pure water splitting, while there
is no detectable activity for P25 under the same conditions.
Until now, studies on borate photocatalysts have been really
scarce, and our observation of Ga,B,0, represents an excellent
example that metal borates can catalyze the overall water
splitting efficiently, without the assistance of any cocatalyst and
sacrificial reagents. There are hundreds of structure types in the
borate family; thus, it is promising to discover new photo-
catalysts by looking at photoresponsive metal borates with
similar structural features.
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Crystal structure views of Ga,B,0,, photograph of the
photocatalytic evaluation setup used in our work, powder
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